Introduction of one orientation) with electrical stimulation within the visual cortex and investigated the resulting changes in The visual cortex of higher mammals contains regular the orientation preference maps by optical imaging of maps for a number of essential stimulus properties, inintrinsic signals before and after this pairing procedure. cluding orientation, ocular dominance, direction of By varying the interval between visual and electrical movement, and spatial frequency. The orientation prefstimulation, we were able to investigate the effect of the erence map is characterized by mostly smooth changes relative timing between activation of thalamo-cortical of the preferred orientation across the cortical surface.
inputs by the visual stimulus and intracortical electrical In addition, this map exhibits singularities where orientastimulation. tion preference changes rapidly, giving rise to a pinWe used this well-controlled in vivo model of funcwheel-like arrangement of orientation domains in the tional plasticity of orientation maps to address the folvisual cortex (Bonhoeffer and Grinvald, 1991) . lowing questions: While many experimental as well as theoretical studies have investigated the development of orientation
• Does the relative timing between pre-and postsynappreference maps, it is still unclear to what extent activitytic activity determine the changes of the orientation dependent mechanisms contribute to the formation of preference maps, i.e., can the cortical response to the this map: on the one hand, it has been shown that orienpaired orientation either be enhanced or depressed tation preference maps can develop independently of depending on the relative timing of electrical and vipatterned vision (Gö decke and Bonhoeffer, 1996 Sengpiel et al., 1999) have shown that the orientation preference map can be altered by experience. However, due to the fact that no recordings were done before the stripe rearing started, it could not be determined whether these changes affected the general structure of the map or whether preexisting domains were merely enlarged and reduced in the course of the altered rearing conditions.
Results
To induce localized changes in orientation preference maps in kitten visual cortex, we employed a pairing protocol consisting of combined visual and electrical stimulation over a period of 3-4 hr. To this end, electrical stimuli were applied to the visual cortex while the animal was stimulated visually with one of four oriented gratings.
In order to establish a precise timing between visual and electrical stimulation, we determined the response latency of neurons in area 17 to flickering gratings similar to the ones used in the pairing protocol. On average, cells in area 17 responded with a latency of 46.8 ms (Ϯ3.3 ms, n ϭ 27 cells; throughout this paper, Ϯ symbols and error bars denote SEM) after the onset of the visual stimulus. This value is very close to the 46.7 ms found by Ikeda and Wright (1975) . As expected, cells recorded at depths corresponding roughly to layer 4 overall had shorter latencies than cells in the supra-and infragranular layers ( Figure 1A ).
For pairing, we used a flickering grating (7 Hz) of one orientation with only 21 ms on time as visual stimulus ( Figure 1B) . Based on the measured response latencies, the interval between the visual and electrical stimulus was chosen such that, for cells in the cortex, activation by the visual stimulus either preceded (pairing) or followed (antipairing) the electrical stimulus. As a control, these stimulation trials were interleaved with presentation of the orthogonal orientation ( Figure 1C) . The effectiveness of the electrical stimulus in driving cortical cells Figure 3A ). To crossvalidate optical and electrical region comprised the area 17/18 border. The strong activation of area 18 neurons during pairing could acrecordings, we correlated the orientation preference as determined from optical and electrical recordings at the count for this effect: the visual stimulus employed during pairing had a low spatial frequency and was presented recording sites. As expected, both before and after the pairing the values proved to be well correlated (correlaat a high temporal frequency (7 Hz); thus, it is likely to drive neurons in area 18 more strongly than cells in area tion coefficient: 0.96, Figure 3C ). Remarkably, only at those five positions where a change toward the paired 17 (Movshon et al., 1978) . At the same time, it can be expected that the electrical stimulus in area 17 will also orientation was detected with the single-cell recordings, optical imaging revealed a shift toward the paired orienactivate cells in area 18 via retinotopically organized connections between the two areas. Although we have tation. Interestingly, orientation selectivity, measured as the half-width at half-height of the Fourier-filtered tuning no direct proof that the changes in area 18 occur at retinotopically corresponding locations, the retinotopic curve, did not change significantly. Likewise, the overall shape of the tuning curves did not exhibit significant divergence of the 17-18 connections (Ferrer et al., 1988) as well as the size of the electrically stimulated region differences when we compared the averaged tuning curves aligned by their preferred direction for each oriare at least compatible with this interpretation.
Pairing-Induced Shift in Orientation Preference
We quantified the pairing-induced changes in cortical entation. This latter result implies that, for instance, no secondary peaks in orientation preference were induced area responding preferentially to each of the four orientations at the site of stimulation in six animals ( Figure 2C; by the pairing procedure. Also, spontaneous rate and direction preference remained unchanged (all p values paired orientation, 28% Ϯ 3%; orthogonal orientation, Ϫ24% Ϯ 3% of total area). The cortical region activated Ͼ0.1, Student's t test). While this makes it likely that the observed changes in the orientation preference maps by the electrical stimulus was determined as shown in Figure 1D , and the overall change of the intrinsic signal are caused by a real shift in orientation preference and not by a widening of the orientation tuning curves (Sengin this region was computed for each orientation (paired orientation, 72% Ϯ 26% of the mean amplitude of the piel et al., 1999), a real proof of this assumption would necessitate recordings from the same cells before and intrinsic signal; orthogonal orientation, Ϫ70% Ϯ 52%; Figure 2D ). In every experiment, both the cortical area after the pairing, which was not feasible in our experiments. We did however record neurons 5-14 hr after and the overall intrinsic signal corresponding to the paired orientation increased, while both measures dethe pairing, implying that the changes remain for this period of time, at least. We further confirmed this in one creased for the orthogonal orientation, which was presented during the pairing period but without electrical cat by imaging orientation preferences 14-18 hr after pairing and by observing that the shift was still present. stimulation. It is evident that the variance of the intrinsic signal change is much larger than that of the areal Taken together, these results show that the pairing paradigm is capable of inducing long-lasting shifts in change. The reason for this difference is most likely that the intrinsic signal differs quite strongly between orientation preference toward the paired orientation. The single-unit data corroborate this finding and demonanimals, partly due to different physiological and imstrate that the effect observed with optical imaging is aging conditions. Moreover, the area measure is normalneither a subthreshold change in orientation preference ized, thus leading to smaller interanimal variations. The nor a mere metabolic change. cortical regions activated by the paired orientation increased by nearly a factor of 2 at the site of stimulation and the difference between the change in area of the Antipairing Causes Shift Away paired and orthogonal orientation was highly significant from Antipaired Orientation (p ϭ 0.0013, Student's t test). As substantiated by quanIn the experiments described above, the delay between tification in concentric rings of increasing diameter electrical and visual stimulation was chosen to mimic the around the site of stimulation, the magnitude of change pairing paradigm used in single-cell studies ( visual cortex as well, we decreased the temporal delay t test; Figure 4E ). As is the case for pairing, the degree of change in orientation preference decays with radial between visual and electrical stimulation to 35 ms (Figure 4A ). In this antipairing paradigm, most cells in the distance from the site of stimulation ( Figure 4F ). Thus, analogous to the effects observed in single-cell cortex are electrically stimulated before the visual stimulus can activate them ( Figure 1A ). In striking contrast to studies in vitro, antipairing can reduce neuronal responses to a visual stimulus at the level of cortical maps the effects reported above, the single-condition maps of the antipaired orientations are reduced in strength in vivo. after the antipairing, while cortical neurons respond more strongly to the orthogonal orientation, which was
Spatial Distribution of Pairing Effects
In addition to investigating the effects of the relative presented during antipairing, without a concurrent electrical stimulus ( Figure 4B ). Again, this shift is more obvitiming of pre-and postsynaptic activity on changes in response properties, the spatial resolution of optical ous when comparing the color-coded polar maps (Figure 4C ): orientation domains activated by the antipaired imaging made it possible to study the distribution of plasticity in different regions of cortical maps. As a meaorientation decrease both in area and intrinsic signal strength, while there is a corresponding increase for the sure for the magnitude of the orientation shift, we employed the relative change in the intrinsic signal between other orientations at the site of stimulation. Quantification of this effect in four animals reveals a significant the paired and the orthogonal orientation at the site of the stimulation. We did not use changes in domain area decrease of both the cortical area activated by the antipaired orientation (antipaired orientation, Ϫ8.6% Ϯ to quantify the distribution of plasticity across the cortical surface because areal changes are per se not equally 1.2%; orthogonal orientation, 10.6% Ϯ 2.4% of total area; p ϭ 0.009, Student's t test; Figure 4D ) as well distributed across the cortex but are rather confined to the borders of orientation domains. Surprisingly, we did as its intrinsic signal strength (antipaired orientation, Ϫ43% Ϯ 16%; orthogonal orientation, 25% Ϯ 16% of not observe any significant differences between the different orientation domains, i.e., the magnitude of the the amplitude of the intrinsic signal; p ϭ 0.03, Student's 
t test).
We did, however, find a systematic variation in the size 5A). At first glance, this result cannot be explained easily, because neurons, which are already tuned to the paired of the shift in different regions of the orientation map: near pinwheel centers, the magnitude of plasticity was orientation, should not be capable of shifting their orientation any further toward this orientation. We shall return significantly lower than in regions of the cortex further away from the pinwheel centers (pairing, p ϭ 0.02; antito the possible mechanisms underlying this result in the Discussion.
pairing, p ϭ 0.03; Student's t test; Figure 5A ). To test whether the inhomogeneous local neighborhood of oriAs for the different orientation domains, there was 
entation preferences at pinwheel centers causes their
Figure 5B) toward the paired orientation occurred in lower layers (presumably, layers 5 and 6). It was less resistance to shifts in orientation preferences, we measured the dependence of the orientation shift magnitude pronounced but still significant (23.8Њ Ϯ 5.7Њ, p ϭ 0.004, Wilcoxon-Rank test) in upper layers (layers 2 and 3), on the local homogeneity of orientation preference. This homogeneity was formalized as the "orientation similarwhile no significant shift in orientation preference was found in layer 4 (8.34Њ Ϯ 4.2Њ, p ϭ 0.22, Wilcoxon-Rank ity index": it quantifies the similarity of orientation preference in the neighborhood of a given point within the test). This layer-specific effect is unlikely to result from eleccortex. Orientation similarity is high in the pinwheel surround and drops near pinwheel centers. Formally, we trode penetrations not being oriented orthogonal to the cortical surface. In this case, one would expect a monotdetermined the orientation similarity index by computing the inverse spatial standard deviation of the orientation onous distribution of the apparent shifts as a function of recording depth. However, we did find a bimodal maps in a circle with a radius of 300 m around each pixel. We found that the correlation between shift magnidistribution, with shifts being high in the upper and the lower layers but small in layer 4. tude and orientation similarity index is not significantly different from 0 when computed in the pinwheel surThe most straightforward explanation for this observation is that the shift in orientation preference is not round (correlation index: pairing, Ϫ0.21 Ϯ 0.40, p ϭ 0.14; antipairing, 0.02 Ϯ 0.46, p ϭ 0.26; Student's t test). This caused by changes of thalamo-cortical but rather of cortico-cortical synapses outside layer 4. To substantilack of correlation indicates that local neighborhood of orientation preference is not important for induction of ate this interpretation, we studied whether the effect of the pairing is transferred from one eye to the other. To plasticity in the orientation domain.
While optical imaging is well suited to study variations this end, we imaged the monocular orientation maps for both eyes, but paired electrical and visual stimulation in the degree of plasticity across the cortical surface, single-unit recordings are necessary to determine the only for one eye. If the shift were mainly due to changes of cortico-cortical synapses, a considerable transfer of layer-specific distribution of plasticity. We therefore used the readings on the microdrive advancing the electhe effect to the unpaired eye would be expected. Such a transfer did in fact occur, and the degree of shift in trode to assign cells recorded at different depths in the cortex to different groups, roughly corresponding the orientation map recorded through the unpaired eye was nonsignificantly different from the shift of the paired to different cortical layers. We found that the most significant shift (30.8Њ Ϯ 6.0Њ, p ϭ 0.001, Wilcoxon-Rank test, eye (p ϭ 0.17, Student's t test, Figure 5C ). contribute to this stability. In fact, very recently, it has been found that the lateral spread of horizontal connecAnother potential explanation for the relatively small effects observed in layer 4 is that layer 4 cells respond tions is relatively small at pinwheel centers compared to their surround (Yousef et al., 2001) . to the visual stimulus about 15 ms earlier than neurons in the extragranular layers ( Figure 1A) . Therefore, the Other explanations, e.g., differences in receptive field properties between pinwheel center and pinwheel surdelay between the visual and the electrical stimulus might be too large for these cells to exhibit significant round, are less likely because neurons at pinwheel centers are equally selective for orientation as neurons in shifts in orientation preference. Equal Expression of Orientation Shift across All the pinwheel surround (Maldonado et al., 1997) . Additionally, we excluded that the neurons' ability to shift Orientation Domains We did not detect any significant differences in the detheir orientation preferences depends on a neighborhood of similar orientation preference: the strength of gree of shifts between different orientation domains. This was surprising because prima facie one would explastic changes within the pinwheel surround is not significantly correlated with the similarity index. pect that the shift in domains of the paired orientation should be smaller, since neurons in these domains are Therefore, the most plausible candidate mechanism to explain the differences between pinwheel centers and already tuned to the paired orientation and thus cannot shift their orientation preference any further. A number surround are variations in the expression of plasticityrelated molecules. However, to validate this hypothesis of reasons might account for this equal distribution: first, since we have used only four different orientations as further, more molecularly oriented studies will be needed. 
